Pten mutations are associated with autism spectrum disorder. Pten loss of function in neurons increases excitatory synaptic connectivity, contributing to an imbalance between excitation and inhibition. We aimed to determine whether Pten loss results in aberrant connectivity in neural circuits. We compared postnatally generated wild-type and Pten knockout granule neurons integrating into the dentate gyrus using a variety of methods to examine their connectivity. We found that postsynaptic Pten loss provides an advantage to dendritic spines in competition over a limited pool of presynaptic boutons. Retrograde monosynaptic tracing with rabies virus reveals that this results in synaptic contact with more presynaptic partners. Using independently excitable opsins to interrogate multiple inputs onto a single neuron, we found that excess connectivity is established indiscriminately from among glutamatergic afferents. Therefore, Pten loss results in inappropriate connectivity whereby neurons are coupled to a greater number of synaptic partners.
Introduction
Pten is a lipid and protein phosphatase implicated in cancer and autism spectrum disorder (ASD). As a lipid phosphatase, it dephosphorylates PIP 3 , directly antagonizing PI3K to act as a negative regulator of the downstream AKT and mTOR pathways [1] . Mutations in Pten have been found in cases of ASD, often comorbid with macrocephaly and epilepsy [2] [3] [4] [5] . Large exome sequencing studies have also confirmed germline Pten mutations in ASD [6] [7] [8] [9] .
Animal models demonstrate a role for Pten in brain development. Pten knockout in brain [10] and specific to forebrain neurons [11, 12] induces brain overgrowth, cellular hypertrophy, and seizures. Mice with Pten loss or mutation also show behavioral phenotypes reminiscent of ASD, including altered social behavior, anxiety, impaired learning, and hyperactivity [11] [12] [13] [14] . Pten has been implicated in a broad array of neurodevelopmental processes, including cell proliferation [15, 16] , differentiation [14, 16, 17] , and survival [18] .
In individual neurons, Pten regulates synaptic connectivity. Pten deficiency causes hypertrophy of the soma [10, 11, 17, 19] and dendritic arbor [11, [20] [21] [22] [23] [24] in a wide variety of brain regions, cell types, and experimental systems. Synaptic alterations include increased density of dendritic spines and recruitment of excitatory synaptic input [20, 22, 25] . Pten loss in postnatally generated neurons in the dentate gyrus is sufficient to cause epilepsy [15, 26] , underscoring the increased recruitment of excitatory input.
Here, we determine whether the increased synaptogenesis and connectivity that results from Pten loss leads to miswiring of neural circuits. We demonstrate that the increased number of excitatory synapses onto Pten knockout neurons is due to an enhanced ability to compete with surrounding neurons for a limited pool of synaptic boutons. This leads to synaptic coupling with an increased number of presynaptic partners and increased excitatory drive from multiple afferents. Our results demonstrate that the increased synaptic connectivity of Pten knockout neurons is dependent on the availability of presynaptic partners, and that it is not biased toward a specific population. Instead, indiscriminately increased connectivity results in synapses between neurons that are not normally coupled. Thus, Pten loss in newborn neurons results in inappropriate excitatory synaptic connectivity.
Methods

Animals and surgeries
All mouse procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at the respective institutions. Mice were B6.129S4-Pten<tm1/hwu>/J (Pten flx/flx ; Cat# 006440) or C57Bl/6J (WT; Cat# 000664) of both sexes. Seven-day-old mice were used for all experiments except for the rabies virus tracing, for which 4-week-old mice were used. Stereotaxic coordinates are presented in Supplementary  Table 1 . Viruses were diluted in sterile phosphate-buffered saline (PBS) to the titers listed in Supplementary Table 2 .
Viruses pRubi, pRubi-G-T2A-Cre, and pRubi-C-T2A-Cre have been previously described [20] and were packaged using previously published methods [25] . The production and application of RV-GFP/Cre-TVA-Rgp and RbV-EnvAmCherry have also been previously described [27] . For this study, the retroviral vector was modified to delete Pten in newborn neurons by replacing the nucleus-localized GFP in RV-SYN-GTRgp [27] with a GFP-Cre fusion protein. AAV-syn-mCherry-Cre, AAV-syn-Chrimson-tdT, and AAV-syn-Chronos-GFP were obtained from the University of North Carolina Vector Core. AAV-syn-Cre was obtained from University of Pennsylvania Vector Core. AAVsyn-tdT-T2A-G-Vamp2 was created by using PCR to clone the GFP-Vamp2 fragment out of pEGFP-Vamp2 (Addgene #42308), a gift from Dr. Thierry Galli [28] , with PCR primers that contained EcoR1 sites in the overhangs (forward: GAATTCGTGAGCAAGGGCGAGG; reverse: GAAT TCCCTTTTAAGAGCTGAAGTAAACTATGATG), and ligating it into FUG-T2A-Cre [20] . The fragment containing T2A-GFP-Vamp2 was then isolated by restriction digest and ligated into the backbone of AAV-syn-tdT-GirK2 [29] , a gift from Dr. Chris Ford, using the BsrGI and HindIII sites to create AAV-syn-tdT-T2A-G-Vamp2.
To package AAV-syn-tdT-T2A-G-Vamp2 as an AAV9, we co-transfected HEK293FT cells with the serotypespecific plasmid pXR9 and the helper plasmid PADHelper, obtained from Dr. Eric Washburn, using the calcium phosphate method. After 72 h, cells were collected in PBS, pelleted, and resuspended in a buffer containing 150 mM sodium chloride and 50 mM Tris, pH 8.5. Cells were lysed by freeze-thaw cycles and centrifuged to clear cell debris. The supernatant was treated with benzonase and filtered. Viral particles were isolated by density gradient centrifugation in an iodixanol gradient. The collected suspension was then diluted 50× in PBS, filtered, and reconcentrated by filter centrifugation. The prep was titered using quantitative real-time PCR with previously validated probes targeting GFP [30] .
Histology, imaging, and analysis
Histology was performed as previously described [31] . Antibodies and the concentrations at which they were used are listed in Supplementary Table 3 . Imaging and analysis of somata, dendritic arborization, and dendritic spines have been previously described [32] . Images of axons were acquired using an LSM 810 or LSM 880 (Zeiss, Oberkochen, Germany) laser scanning confocal microscope in airyscan mode with a ×63 objective, at a resolution of 1024 × 1024 pixels, with a 0.2 µm z-step.
Electrophysiology
Electrophysiology was performed using previously described methods [25] . Animals anesthetized with tribromoethanol were transcardially perfused with chilled solution containing (in mM): 110 choline-Cl, 10 dextrose, 7 MgCl 2 , 2. Recordings were performed at 37°C using intracellular solution containing (in mM): 115 K-gluconate, 10 HEPES, 2 EGTA, 20 KCl, 2 Mg-ATP, 10 Na-phosphocreatine, and 0.3 Na 3 -GTP. Recording pipettes had a tip resistance of 4-6 MΩ. Cells were held at −90 mV. Series resistance was continuously monitored, and recordings were discarded if >30% change was observed. Currents were sampled at 80 kHz and filtered at 10 kHz (Multiclamp 700B, Molecular Devices, San Jose, CA, USA). mEPSCs were recorded with 1 µM tetrodotoxin (R&D Systems, Minneapolis, MN, USA) in the bath. To detect mEPSCs, recordings were filtered at 2 kHz, and events were automatically detected using a template with a 1 ms rise, 6 ms decay, and threshold of 3 (Axograph X, Axograph), then manually screened to remove false positives. Light-evoked EPSCs were recorded with 10 µM SR95531 (Cayman, Ann Arbor, MI, USA) in the bath. Optogenetic stimulation was a 5 ms pulse of widefield epifluorescence delivered through the objective. A BP 470/40 filter was used for Chronos stimulation, a BP 565/30 filter for green light, and a BP 615/50 for Chrimson stimulation.
Statistical analysis
Sample sizes are based on similar previously published experiments. No formal randomization was used to assign animals to treatment groups. In experiments with control and treatment mice, litters were split evenly between groups. Investigators were not blinded. For experiments in which each observation is a single neuron, data were analyzed using a multilevel mixed-effects linear regression model in STATA 13 (Statacorp) with post hoc Scheffecorrected multiple comparisons [31, 33] to take into account the nested design. All other statistical comparisons were performed in Prism (Graphpad Software). When each observation was an animal, data were analyzed using twotailed unpaired t-tests (Fig. 3, S3, S4 ) or Mann-Whitney tests (Fig. 2e ). Distributions were compared using the Kolmogorov-Smirnov test. Assumptions of normality and equal variance between groups were not tested.
Results
Sparse Pten knockout causes increased spine density compared with dense Pten knockout
We first measured the dendritic spine density of retrovirally labeled wild-type (WT) and Pten knockout neurons integrating into the early postnatal dentate gyrus. WT and Pten knockout neurons were labeled and birth-dated using control (pRubi) and Cre-expressing (pRubiG-T2A-Cre) retroviruses injected into the dentate gyrus of early postnatal (P7) Pten flx/flx mice ( Fig. 1a-d ) and examined at 24 days post-injection (DPI). Pten knockout neurons had a higher density of dendritic spines than WT neurons ( Fig. 1e ; z = 3.69, p = 0.003). In this experiment, the Pten knockout neurons developed in an environment surrounded by wildtype granule neurons. To determine if this effect persisted when Pten knockout neurons developed surrounded by other Pten knockout neurons, we repeated this experiment with Pten knocked out in the majority of surrounding neurons by injection of a high-titer Cre-expressing AAV (AAV-syn-mCherry-Cre; Fig. 1a-c) . This caused neuronspecific Pten knockout in mature granule neurons, as well as other neurons in the molecular layer and hilus (Fig. 1c) . By immunostaining for NeuN and mCherry, we found that 69.65 ± 5.66% of NeuN-positive nuclei expressed mCherryCre (Fig. 1c) . In the dense knockout environment, the spine density of Pten knockout neurons remained higher than that of WT neurons ( Fig. 1e ; z = 9.09, p = 0.000). However, Pten knockout neurons in the dense knockout environment had lower spine density than Pten knockout neurons in the WT environment (z = −3.90, p = 0.002). WT neurons showed no difference in spine density between the two environments (z = −1.13, p = 0.737). The interaction between Pten knockout and environment trended toward significance (z = −1.85, p = 0.064).
To determine whether the decreased spine density of Pten knockout neurons in a dense Pten knockout environment resulted in a corresponding decrease in synaptic input, we recorded mEPSCs from retrovirally labeled WT and Pten knockout neurons in the WT and dense knockout environments (Fig. S1 ). Pten knockout neurons had higher mEPSC frequency than WT neurons in the WT environment (z = 3.31, p = 0.012), but not in the dense knockout environment (z = 2.12, p = 0.214).
Finally, we investigated whether other neuronal phenotypes associated with Pten loss were affected by the density of Pten deletion. Retrovirally-mediated Pten knockout in granule neurons causes somatic hypertrophy [20, 25, 32, 34] , increased number of primary (branching directly from the soma) dendrites [20] , and increased migration distance from the subgranular zone [34] . Somatic hypertrophy and the number of primary dendrites were unaffected by knockout density (Fig. S2d, e) , and Pten knockout neurons migrated farther into the granule cell layer than WT neurons in both knockout densities ( 
Presynaptic bouton density is not altered by dense postsynaptic Pten knockout
We next tested whether the size of the presynaptic pool is altered by dense postsynaptic Pten knockout. In order to examine the morphology of afferent axons, we developed a virus, AAV-syn-tdT-T2A-G-Vamp2, to label the axons and boutons of perforant path axons with distinct fluorophores (Fig. 2a) . We injected AAV-syn-tdT-T2A-GVamp2 into the entorhinal cortex of Pten flx/flx mice and either saline or AAV8-syn-Cre into the dentate gyrus ( Fig. 2b ). Dense Pten knockout in the dentate gyrus was confirmed by immunostaining for NeuN and Pten; 83.9% (range 56.26-96.73%) of neurons in the granule cell layer were Pten-negative. Axons were imaged using Airyscan super-resolution microscopy at 24 DPI. Dense postsynaptic Pten knockout did not change the frequency of axon branching within the molecular layer of the dentate gyrus ( Fig. 2e ; t = 1.729, p = 0.1426). There was no change in tortuosity of axons ( Fig. 2f ; z = -0.67, p = 0.502) or in the density of GFP puncta along axon segments ( Fig. 2g ; z = 1.07, p = 0.283). The average diameter of GFP puncta was no different between the environments ( Fig. 2h ; z = 1.56, p = 0.086). However, axons innervating the Pten knockout environment had an altered distribution of puncta diameters, with a higher proportion of large puncta (>0.8 µm) and a decreased proportion of a Schematic of the AAV-syntdT-T2A-G-Vamp2 construct, which was packaged as an AAV9. b AAV-syn-tdT-T2A-GVamp2 was injected into the entorhinal cortex to label perforant path axons. Saline or AAV-syn-Cre was injected into the dentate gyrus for the WT or dense Pten knockout conditions, respectively. c Example image of tdTomato-filled axons in the dentate gyrus. d Example images of PP axons in the DG expressing cell-filling tdTomato and GFP localized to putative synapses. Segments of axons in the PP were traced (below), and the locations and size of GFP + puncta, putative synaptic terminals, were recorded. e-g Postsynaptic Pten knockout had no effect on the frequency of axon branching (e; n = 5 mice per condition; WT env.: 0.009046 ± 0.002615 µm −1 , Pten KO env.: 0.003225 ± 0.002123 µm 
Pten knockout neurons have more presynaptic partners
To determine whether the increased spine density conferred by Pten loss results in connectivity with an increased number of presynaptic partners, we used rabies virus (RbV)-mediated monosynaptic retrograde tracing to map neuronal connectivity of Pten knockout neurons [27] . Starter cells were specified with a retrovirus (RV-GFP/Cre-TVA-Rgp) injected into the dentate gyrus of 4-week-old Pten flx/flx or WT mice. After 7 weeks, we injected EnvApseudotyped, G-deleted rabies (RbV-EnvA-mCherry) into the dentate gyrus. Connectivity was analyzed 1 week after RbV injection (Fig. 3a) . Pten knockout neurons showed increased neuronal connectivity with presynaptic input neurons ( Within the hippocampus, WT newborn neurons received direct connections from input neurons in CA1, CA3, the hilus, and the DG (Fig. S3) . Pten knockout neurons showed increased connectivity with DG neurons (t(8) = 4.01, p = 0.004), possibly due to the abnormal development of basal dendrites [26] . Within the entorhinal cortex, presynaptic neurons were found in both the medial and lateral areas (Fig. 3c, S3 ). Increased connectivity with Pten knockout neurons was observed in both entorhinal areas, specifically with the caudomedial (t(8) = 3.57, p = 0.0073) and dorsolateral (t (8) (Fig. S3) . Input neurons were also found in the medial septum (MS) and horizontal nucleus of the diagonal band of Broca (HDB) in the basal forebrain, and the ventral tegmental area (VTA) and dorsal raphe nucleus (DRN) of the midbrain (Fig. 3c, S3) . In both forebrain areas, the connectivity ratio of Pten knockout neurons was increased (MS: t(8) = 2.83, p = 0.022; HDB: t(8) = 3.90, p = 0.005). There was no change in connectivity ratios from either subregion of the midbrain (VTA: t(8) = 1.43, p = 0.187; DRN: t(8) = 1.55, p = 0.160). DG newborn neurons also received direct inputs from commissural neurons located in the contralateral hilus (Fig. 3d) , the majority of which were Calretinin-positive mossy cells. Interestingly, the connectivity ratio of Pten knockout neurons with commissural mossy cells increased, indicating the convergence of mossy cell inputs from the contralateral hilus to Pten knockout neurons (t(8) = 3.11, p = 0.015). Finally, in animals with Pten knockout starter cells, we observed a small number of ectopic afferents arising from the thalamus (Fig. S4 ).
Arborization and dendritic spines on Pten knockout neurons are increased in all molecular layer subfields
The populations of glutamatergic axons innervating the DG are spatially distributed such that the lateral entorhinal area, medial entorhinal area, and mossy cells respectively innervate the outer, middle, and inner thirds of the molecular layer [35] . Therefore, to determine whether Pten knockout is likely to change the frequency with which postsynaptic dendrites encounter axons from various populations, we tested whether Pten knockout altered the topographical distribution of the dendritic arbor. Retrovirally labeled WT and Pten knockout neurons were analyzed at 16DPI (Fig. 4a, b ). Pten knockout neurons had a longer dendritic arbor (Fig. 4c , z = −12.17, p = 0.000) and an increased number of primary dendrites (Fig. 4d , z = 2.14, p = 0.032). The shape of the arbor as measured by Sholl analysis was significantly altered by Pten KO, with increased branching proximal to the soma ( Fig. 4e ; two-way ANOVA, F(1,42) = 31.83, p = 0.0001).
To determine whether the arbor or Pten knockout neurons was distributed differently than that of WT neurons, we measured the proportion of dendritic arbor falling within three bins of equal width defining the inner, middle, and outer thirds of the molecular layer (IML, MML, OML respectively). Pten knockout neurons did not differ from WT neurons in the distribution of their arbor ( Fig. 4f ; IML z = 1.49, p = 0.136; MML z = −0.85, p = 0.398; OML z = −1.83, p = 0.068).
To determine whether Pten knockout altered the distribution of dendritic spines within the dendritic arbor, we measured the density of dendritic protrusions along segments of a single dendrite as it passed through each third of the molecular layer (Fig. 4g) . Pten knockout increased spine density in all three subdivisions of the molecular layer (IML z = 6.94, p = 0.000; MML z = 39.68, p = 0.000; OML z = 19.76, p = 0.000). Both WT and Pten knockout neurons had a lower density of dendritic protrusions in the IML than in the MML and OML (comparisons not shown on graph; WT MML vs. IML z = 7.46, p = 0.000; WT OML vs. IML z = 8.73, p = 0.000; Pten KO MML vs. IML z = 3.80, p = 0.013; Pten KO OML vs. IML z = 4.15, p = 0.004). In both WT and Pten knockout neurons, protrusion density did not differ between the MML and OML (WT z = 2.84, p = 0.152; Pten KO z = 2.13, p = 0.447).
To determine whether Pten knockout altered the ratio of dendritic spines innervated by the perforant and commissural/associational paths, we determined the ratio of spine density in the outer two-thirds to spine density in the inner third of the molecular layer (Fig. 4i) . Pten knockout did not significantly alter this ratio (z = −1.55, p = 0.122). The distribution of mushroom spines (defined as protrusions having a head diameter of ≥0.18 µm and a head/neck diameter ratio of ≥1.1) within the arbor mirrored the distribution of total dendritic protrusions (Fig. 4j) . Pten knockout significantly increased the density of mushroom-like protrusions in the IML (z = 4.65, p = 0.001) and MML (z = 9.94, p = 0.000), but not in the OML (z = 2.92, p = 0.130).
Pten knockout neurons have increased input from multiple presynaptic populations
The morphological and rabies-virus data suggest that Pten knockout neurons recruit increased synaptic input from all glutamatergic afferents without bias. To test this directly, we used the independently excitable opsins Chrimson and Chronos [36] to compare evoked currents from different afferents synapsing onto a single postsynaptic neuron. We injected AAV-syn-Chronos-GFP into the entorhinal cortex to express Chronos in perforant path axons, and AAV-synChrimson-tdTomato into the contralateral dentate gyrus to express Chrimson in commissural axons (Fig. 5a, b) . We confirmed that Chrimson and Chronos stimulation was selective and evoked equivalent post-synaptic currents (Fig. S5, S6 ). At 16-18 days post injection, we recorded light-evoked postsynaptic excitatory (leEPSC) currents from retrovirally labeled immature WT and Pten knockout neurons. In addition, we recorded from unlabeled mature WT neurons; to account for slice-to-slice variability in the number of axons infected with each virus, leEPSC amplitudes from retrovirally labeled neurons were normalized to the average of at least 2 nearby WT mature neurons.
Compared with mature neurons, 16-18-day-old (immature) WT neurons had a similar leEPSC amplitude from commissural path stimulation (z = −0.75, p = 0.453), and a smaller amplitude from perforant path stimulation ( Fig. 5c-e ; z = −3.39, p = 0.001). Meanwhile, immature Pten knockout granule neurons compared with both mature and age-matched WT neurons had dramatically increased leEPSC amplitudes in response to both commissural (Pten KO vs. mature z = 2.78, p = 0.005; Pten KO vs. WT z = 2.54, p = 0.011) and perforant path (Pten KO vs. mature z = 3.56, p = 0.000; Pten KO vs. WT z = 4.68, p = 0.000) stimulation. Intriguingly, immature WT neurons had an increased ratio of perforant path to commissural path input compared with mature WT neurons (Fig. 5f, z = 3 .69, p = 0.001). Pten knockout neurons had a similar ratio to mature WT neurons (z = 0.12, p = 0.908), but a significantly lower ratio of perforant path to commissural path input (i.e., a greater increase in commissural path input) compared with age-matched WT neurons (z = −2.21, p = 0.027).
Discussion
Our results indicate that Pten knockout neurons indiscriminately recruit increased synaptic input from more presynaptic neurons than do wild-type neurons. Our system is advantageous because it allows comparison of agematched WT and Pten knockout neurons side-by-side in the same tissue. It is important to note that while ASD patients are heterozygotes, we and others have observed concordant, but subtle increases in soma size and dendritic arborization in knockdown [25, 32] and heterozygous [37] models.
We find that newborn neurons maturing in an environment surrounded by mature Pten knockout neurons have a modest increase in spine density compared with when they are surrounded by wild-type granule neurons. We interpret this to indicate that there are a limited number of presynaptic boutons with which dendritic protrusions can stabilize, and that Pten knockout neurons are more competitive for those boutons. Alternatively, the overall synaptogenic environment of the dense knockout condition may be altered by increased network activity and involvement of inhibitory neurons. Pten deletion in > 9% of granule Pten knockout neurons recruit increased synaptic input from multiple brain regions. a In 7-day-old Pten flx/flx mice, postnatally generated neurons in the dentate gyrus were labeled and birth-dated with control and Cre-expressing retroviruses. AAVs expressing independently excitable channelrhodopsins were injected into the entorhinal cortex and contralateral dentate gyrus. While recording from retrovirally labeled granule neurons, afferent pathways were stimulated by a 5 ms pulse of blue or red light directed at the molecular layer delivered through the objective. b Chronos-GFP-expressing axons of the perforant path are present in the outer two-thirds of the molecular layer, and the inner molecular layer is occupied by ChrimsontdTomato-expressing axons of the commissural pathway. Retrovirally neurons causes network hyperactivity and epilepsy [26] . Though we waited only a short time after knockout, our mice were likely experiencing increased network activity as evidenced by the emergence of basal dendrites on Pten knockout neurons, which did not occur in the sparse condition. Network activity regulates the maturation of granule neurons [38] , and exacerbates the overgrowth of Pten knockout neurons [24] . In addition, the dense environmental Pten knockout was not limited to granule neurons, but also included neurons in the hilus and molecular layer. In cortex, Pten deletion in interneurons causes increased IPSC frequency onto glutamatergic neurons [17] . GABA release onto newborn neurons is depolarizing and regulates their maturation [39] ; this could contribute to the effects of network hyperexcitability on synaptic integration of the retrovirally labeled granule neurons.
We observed that presynaptic boutons enlarge, but are not created, to accommodate increased demand from postsynaptic neurons. This observation elaborates on the prevailing model of synaptogenesis in postnatally generated neurons in the dentate gyrus, which states that immature spines from newborn neurons must compete for a bouton's synaptic territory with its preexisting postsynaptic partner [40] . Our results therefore also support the model of synaptic redistribution onto newborn granule neurons [41, 42] . An interesting future question is whether the enlarged boutons split to form more boutons if we were to examine later time-points after Pten deletion. The modulation of synapse number by inter-neuronal competition dynamics generalizes beyond the postnatal dentate gyrus to other brain regions since BDNF/TrkB signaling [43] [44] [45] has previously been implicated in competitive synapse formation in the cortex. Our results suggest this could be mediated by downstream AKT/mTor signaling. During development, certain synaptic cell adhesion molecules also regulate synapse number by means of inter-neuron competition for synaptic territory [46, 47] , suggesting competitive synapse specification occurs throughout development. Intriguingly, some of these effects occur through the Wnt pathway, which like the AKT/mTor pathway is a pathway of convergence for ASD risk [48] .
Although we [20, 25, 32] , and others [11, 22, 49] have consistently observed an increase in spine density in Pten knockout neurons in vivo, some studies [50, 51] have found that spine number is unaffected by Pten knockout. This discrepancy is likely explained by the density and developmental time-point of Pten deletion. Other studies showing increased spine density after Pten deletion used a sparse virally-mediated knockout [20, 22, 25, 32] , or a conditional knockout that affecting only a subset of excitatory neurons [11] . Studies finding no change in spine density after Pten deletion used a dense AAV injection that more closely mirrored our dense knockout [50] , and a heterozygous mouse in which Pten was lost in nearly all forebrain excitatory neurons [51] . Notably, both of these studies deleted Pten only in mature neurons. One conditional knockout mouse in which Pten is lost in all neurons before cellular maturation shows increased dendritic spine density [49] , indicating that the effect on synapse density may be age-dependent.
Notably, of the phenotypes we evaluated, dendritic spine density was the only one attenuated by dense knockout. This is consistent with the interpretation that there is competition for a finite number of presynaptic release sites. Despite the attenuated spine density, Pten knockout neurons still recruited increased synaptic input. This is evidenced both by a similar trend toward increased mEPSC frequency in WT and competitive environments and by the presence of basal dendrites in the competitive environment, a hallmark of epileptic activity. In addition to the density of dendritic spines, a number of other factors contribute to the increased excitability of Pten knockout neurons. Pten loss can induce increased synaptic release [52] , and postsynaptic mTOR activation can increase the strength of glutamatergic synapses [53] . Dense virus-mediated Pten knockout in adults increases mEPSC frequency without accompanying increases in the number of synapses [50] . Previously, we found that synapse number only accounted for about 27% of the increased excitatory drive onto Pten knockout neurons in sparse conditions [20] . Thus, while the role of Pten in the formation and plasticity of dendritic spines remains relevant to the etiology of Pten-associated ASD, the underlying mechanism is unlikely to be solely due to increased synapse density.
Pten loss increased connectivity with a broad variety of excitatory afferents. Sparse Pten deletion was used for the rabies experiments to limit any confounds of altered network activity. All cell types with glutamatergic terminals in the dentate gyrus had increased connectivity with Pten knockout neurons, including afferents residing in the granule cell layer, hilus, and entorhinal cortex. Increased connectivity within the granule cell layer could be due to emergence of basal dendrites [26] and aberrant axon guidance [54] following Pten loss. The greatest increases in input neurons were from hilar mossy cells and the entorhinal cortex, the two primary glutamatergic projections to the dentate gyrus. Some intrahippocampal afferents, such as molecular layer interneurons, basket cells, hilar interneurons, and back-projecting interneurons from CA3, are GABAergic. We found that connectivity between Pten knockout neurons and the molecular layer, CA3 and CA1, is unchanged. These regions' only direct synapses with granule neurons are GABAergic [55] . This is in accordance with our previous observations that Pten loss specifically increases glutamatergic, but not GABAergic, input [20, 25] , and suggests that Pten loss promotes synapse formation with greater numbers of all glutamatergic afferents. Pten knockout neurons also had an increased input ratio from the medial septum and the diagonal band of Broca, which contain both GABAergic and cholinergic projections to the dentate gyrus. GABAergic projections from the septum contact primarily interneurons, whereas cholinergic projections synapse onto granule neurons [56] . Previous rabies-virus tracing studies of the inputs onto granule neurons found that direct septal input to granule neurons was exclusively cholinergic [27, 57] . Granule neurons express Gq-coupled M1 receptors [58] . Therefore, Pten knockout neurons likely recruit additional excitatory input from cholinergic as well as glutamatergic afferents, indicating future studies on the role of acetylcholine in Pten-related models of epileptogenesis.
We confirmed the results of the rabies virus tracing with detailed morphological and physiological characterization of the enhanced connectivity of Pten knockout neurons. Arborization, spine density, and evoked synaptic currents were uniformly increased throughout the dendritic arbor, reinforcing our finding that Pten loss increases glutamatergic connectivity globally. We uniquely examined the relative contribution of two afferents to the excitatory drive of a single postsynaptic neuron. For these experiments, we did not discriminate between the lateral and medial entorhinal cortex, which differentially innervate newborn neurons [59] . Intriguingly, 16-18-day-old granule neurons were highly variable and had increased input from the perforant path, despite forming their first synapses with the more proximal commissural/associational inputs [60] . This could be due to the unique physiological properties of young granule neurons, in which sparse innervation and high intrinsic excitability are balanced [61, 62] . By contrast, Pten knockout neurons of the same age had a balance of inputs identical to mature neurons, indicating both universally increased glutamatergic input and precocious maturation.
Our implementation of independently excitable opsins and rabies-mediated monosynaptic retrograde tracing allows for the first demonstration that the increase in synaptic input due to Pten loss is not simply an increase in the multiplicity of synapses between appropriate partners. Instead, it represents hyperconnectivity between neurons that normally would not be coupled. This inappropriate synaptic connectivity shifts the weights of synaptic inputs onto granule neurons during integration into the synaptic circuitry of the dentate gyrus. This has important implications for future studies of the role of the mTor pathway in synaptic specificity, epilepsy, pattern separation in the dentate gyrus, and the neurobiological basis of autism.
